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Neuronal nicotinic acetylcholine receptors (nAChR) are present in 
high abundance in the nervous system (Decker et al., 1995). 
There are a large number of subunits expressed in the brain that 
combine to form multimeric functional receptors. We have gen- 
erated an a 4 nAChR subunit knock-out line and focus on defining 
the behavioral role of this receptor subunit. Homozygous mutant 
mice (Mt) are normal in size, fertility, and home-cage behavior. 
Spontaneous unconditioned motor behavior revealed an etho- 
gram characterized by significant increases in several topogra- 
phies of exploratory behavior in Mt relative to wild-type mice (Wt) 
over the course of habituation to a novel environment. Further- 
more, the behavior of Mt in the elevated plus-maze assay was 
consistent with increased basal levels of anxiety. In response to 
nicotine, Wt exhibited early reductions in a number of behavioral 
topographies, under both unhabituated and habituated condi- 



tions; conversely, heightened levels of behavioral topographies in 
Mt were reduced by nicotine in the late phase of the unhabitu- 
ated condition. Ligand autoradiography confirmed the lack of 
high-affinity binding to radiolabeled nicotine, cytisine, and epiba- 
tidine in the thalamus, cortex, and caudate putamen, although 
binding to a number of discrete nuclei remained. The study 
confirms the pivotal role played by the a 4 nAChR subunit in the 
modulation of a number of constituents of the normal mouse 
ethogram and in anxiety as assessed using the plus-maze. Fur- 
thermore, the response of Mt to nicotine administration suggests 
that persistent nicotine binding sites in the habenulo- 
interpeduncular system are sufficient to modulate motor activity 
in actively exploring mice. 

Key words: a 4 ; nicotinic receptor; homologous recombination; 
anxiety; knock-out; behavioral topography 



Nicotine is i I psychoactive drugs 

uml pluirm > in ins in the CNS and 

PNS (Decker et al, 1995). Neuronal nicotinic acetylcholine recep- 
to i (nA( hR) c( nous famih ot pentameric 

oligomers wilh .eoiilnbiilioia. ■ ■ submiits jLc Novero and 
Changeux, 1995). Five types of a subunits (a 2 -a 6 ) and three types 
of j3 subunits (j3 2 -jB 4 ) 
to form a number 11 
moi 

or, «',, c; in 1'orm o,'''bana>,aa .i-eva; a • ;<;*.. 2. .eea.a niam-enc recep- 
tors (Corringer et al., 1995). The top 

vanes {tkaiensei al..„ I'W: Die . saa',. fa!., i 'We WaJa el al.. Dev.). 
1 990; Hill el al., 1W3; Ha.av'a.a.s , ■ a !■■/';-;: Gain and Pern. IW5; 
l.o Novea-el. al., IWf>; Bri.ae , , .;. i Z oli el a!.. |99ni. with <i, 
scripts being found in a large number of CNS nuclei, 
and /3 4 mRNAs are restricted to a few 
cholinergic paimaa .. ■■.];;■ e .a. a . \eeees a-_ and (},, 
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Despite detailed characterization of nAChR subunits at the 
molecular level, not much is known about the in vivo functional 
role of in is. Most nAChR ligands show similar 

patterns of high-affmih I ib ling Ih it i 1 I ibution of 

a 4 /0 2 subunits. A number of nAChR agonists that bind to the ajf3 2 
receptor configuration in vitro are known to have an effect on 
anxiety (Pomerleau, 1986; Gilbert et al, 1989; Brioni et al, 1993), 
n (Brioni et al., 1997), and antinociception (Tripathi et al., 
l>»aa Daev.. ., ;; : a she receptor in the 

nieJiaiion c.f a a.e..,. .a ■••> a.ea..e..i raeseeases. Analysis of an 
nit of a 4 nAChR subunit knock-out mice 
(MaiiiNe. ei al.. are/. -.. ::..,a, J she siaiaSieanl role played by (his 
receptor subunit in nociception. Loss of nicotinic binding sites and 
a Jciavasc or n \Cae: ......... ... . •,. a, .;...aaa, has been shown in pa- 

I patients with Parkinson's dis- 
:ase 1 • .■ • • a !b>9 i; Neioiii el al.., 

1997). Furthermore, several mutations in the a 4 nAChR subunit 
have been identified in autosomal dominant nocturnal frontal lobe 
epilepsy (Steinlein et al., 1995, 1997). The large number of subunits 
suggests a potential for con sity in nAChR func- 

tion^). Defining the specific role played by individual subunits in 
determining spontaneous motor beha\ uses to dins 

challenge will be aided by ongoing analysis of nAChR subunit gene 
knock-out mice (Picciotto et al., 1995; Orr-Urtreger et al., 1997; 
Marubio et al., 1999; Xu et al., 1999). 

Nicotine is known to reduce anxiety in both chronic smokers 
(Gilbert, 1979; Pomerleau, 1986; Gilbert et al., 1989) and nonsmok- 
ers (Hutchinson and Emley, 1973). Anxiolytic-like effects of nico- 
tine and a select number of neuronal nicotinic 

1989; Brioni et al., 1993; Can et al., 1993). The differential behav- 
ioral profile of neuronal nicotinic agonists implies that the 
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lytic actions of nicot >i i , 1 s > a specific subunit 
configuration of the nAChR. We generated an a 4 nAChR knock- 
out line to test the hypolhc is limt mice ln.ckmg o... nAChR 

would show behavioral features consist, 
levels of anxiety. 

MATERIALS AND METHODS 

National Health and 
practice. 

Clonin^ 

la, a I a •- 

: . ' : • • ' ' 

: ' e e o :a : s . 
aaa ... a a ao a< • ! : 

liaised i.:l.)N,\ sepsisae. . : 'a a o anaa, r aaivsnan Je J to nucleotides 

4?vl eOAand iae so., a,, a a..,,./.. ■ , i a. ,a.ia J to mmicol ides i 4 A-Am of 
the rat sequence. .A o : io • aaa,-: a a.;, isolated, and homolosous flanks 
. . ■ . a a\raa:a r, . i . ; ai, i, , : ■■• ■ I !;, 

consirnci v.as doaas i.i to create a non: ancuonme. aiicic by removine a "50 
This fragment contains 

a '■„.:.....,. as . 

The 5' flank was a 4.0 kb BglU 
Scal/Bgai fragment (Fig. 1). 

A At r;.'aa..aa'\;a-aah;a..aaa Aomac oiTechnoio^a Cambridie^VAi 
1 >94). AHindlll digest 
obed with pEl (Fig. 1) was used 
recombii itioi it the 5 end (i mini illele is 6 0 kb and the 

a a-, a a , ■ . . a , a ■ , lot Oi a /lao/Hi. die 1 D robed wit [' 

uh r recombmation jnoimal allele is 12.0 kb and 



■a,, . , . : ' a a. .a,,, ■ . ■ ■ ,,.,;,aiaj :». 

s miected into BALB/C 
• tied with CF1. 
House ( Hz) was obtained. The Hz founder 
was used to acncralc the eriiire , a.ai A. subsequent crossing whit ('57/ 
BL6mice H • i 1 BL6mice, 

were mated [a. esuhlish a. n.iiaaar aaaa-aa aa, a iAo mating pairs and 
wikAypc mice AA j aaaiso ; a Sa ai: laaa used in this study were 
therefore derived from M- aa . oa a. a,..a., and all Wt mice were derived 
from Wl inleraaiiiaaa, \taxlao; .a , .a, ,a o,,,. aencta liackitround was 
,,,,,, o ■ . . a • • a .a ; 

"" ! = 9; Hz.// = 9: and Ml, // =\[j) it' 



i the 
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triethoxj'si!ane(Sigm i toi s ' a 

■ o ■ a a : ■ ., a . aaa,. 

In araoCaiSaaso /a so// hoaaaaaa ,.. , a.o.aa.a a for ao. <J„. 
u-, ao, 8,, and 8. nAtfliR sahumts. The aaa.a.. a. , o . a ; a a,aa„,aa,a.aaa:.fa:..Ies 

identify a 4 nAChR-specific trans 
designed to hybridize 

aaoT as a : c , a.a,/aJ / ■■ o , [ , „, . . , . , , : ; .a.; : s 0, "as 

a , a ■ , ' ' a . ■ 

the a 4 nAChR subunit 
paradigm. All oligonucleotide pi\ 

kinase protocol (Wong et al., 1997) with [7- 33 P]ATP and T4 p. 
otide kinase. Specificity of probes used in this studv 

; excess o: . a , : ■ ■■ ■ a 

the aa .00/ hybridization reaclkins : 0 aompen/ o.eiy inlfhii ;aasaa liaaaad- 
ization. Slides were exposed to Hyperfilm (Amersham Pharniae ia 
Uppsala, Sweden), and the images were scanned. The density of mRNA 
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Table 1. Antisense oligonucleotide probes 

s 

receptor 

subuoit Probe Accession Probe % 

target code number position Sequence of oligonucleotide GC 



«3 


a3 


L31621 


1038 


CCCAAGTGGGCATGGTGTGTGTGGTTG ( • • ' \ V 


51 


a6 


«6#i 


L08277 


325 


TCAAAGTGCACCGTGACGGGATCAGAAACGTTTTCCACTGGCCGG 


55 


o6 


V 


L08277 


1575 


GCCCCACAGTTCCAAACACACAGACGATTATAAACACCCAGAGGA 


48 










TCCATGAT _ iTGAGCGGC 




02 


02#1 


L31622 


1455 


TCGCATGTGGTCCGCAATGAAGCGTACGCCATCCACTGCTTCCCG 


60 


02 


02#2 


L31622 


1341 


AGCCAAGCCCTGCACTGATGCAGGGTTGACAAAGCAGGTACATGG 


55 


03 


jS3#l 


J04636 


1315 


CAGAACTCTTTCTCCATCGCTGGCGGGAGTCTGTTTCCTTTTGCC 


53 


03 


03#2 


J04636 


440 


ATTC TTCCGGATTCCAGCGTA ATTTTTGGTC TGTCCATTCC TGC T 


44 


04 


04#1 


U42976 


1322 


AGCTGACACA 


53 




JSACIil 






CGAGGTCGGGATGATCTCGGTGATGAGCAGCAGGAAGACGGTGAGAG 


60 


a4 


ISACh2 






TGGAGAGGGTGACGAAGATCAGGTGAAGAGCAGGTACTCGCCGATGAGCG 


58 


a4 


ISACh3 






GCTGTGCATGCTCACCAAGTCAATCTTGGCCTTGTCGTAGGTCCAGGACC 


56 


a4 


ISACh4 






CATAATGACCCACTCCCCACTTTCCCAt .A AC YTCl 'At iTTGGTCCACACGGC 


56 
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Accession numbers are from GenBank. G and Cm - toptehveh 
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elevated plus-maze, a pharmacologically validated model (Pello 
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1985; Brioni et al., 1993), according to procedures described pre 

. The elevated plus-maze was cust 
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■ ■ ■ ■ ■ 
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behavior. 

, to tall W IS calciil iu I 
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II \mg 
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ii -a, I in d 
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RESULTS 

M ice the 
i • noil and 

' inia stiil. shown p ![cm;;ioxvlm and 



nined '. 

size or location of the brain nuclei 
rem (data not shown i. In addition. 

a a! 

pleen, kidney, lung, muscle, and 



were of normal body 
eosin -stained sections of tf. 
ically, and no differences ir 
or cortical lamination were 
gross anatomical and hist 
abnormalities in heart, li\ 
thymus (data not shown). 

In situ hybridization 

In situ hybridization performed on a m 's (Wt, n = 

9; Hz, n = 6; and Mt, n = 9) identified a t ion signal 

for ISACh3 and ISACh4 localized to t\ and cortex 

(Cx) in Wt (Fig. 2E,G) Mt (Fig. 2F,H), and FIz (data not shown). 
A. moderate hybridization signal was also seen in the caudate 
putamen (CPu), hippocampus (Hp) DG), and 

substantia nigra (SN) (data not shown). LSAChl and ISACh2 
probes, i nee, showed no 

H,D) and 

a reduced signal in FIz (data not shown). The hybridization pattern 
seen in Wt using ISAChl and ISACh2 probes was the same as for 
and FSACh4 (Fig. 2E,G). In situ hybridization was also 
- I,. p„ and j3 4 nAChR subunits (Fig. 3). 
\n intense signal foi a-, uiRNA was detected in the medial habe- 
nular (MFIb) (Fig. 3.4,5), a 6 signal was detected in the SN (Fig. 
3C,D), a-, was seen in the Hp and DG (Fig. 3 /-.,/•), (i, showed a 
ignal in the MFIb and Th, and moderate hybridization was 
seen in the Cx, Hp, and DG (Fig. 3G,H), whereas j3 3 had limited 
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in Wt and Mt 

B.D. F. and //were sections denied trout Ml. / and ./ represent no,,spe. its 
-were probed 

a a , ao d, eda : ' ■ ■ ., . , ne 

Ml with ISAC.dil.iSAC.di2. which dels 
whereas signal was delected (in brain re 
a. . IS dCha Ufhe! i i ... aa 

lions shown in.4, B, E, and F are taken 
and H are taken at bregma levels -1.8 



:ts the deleted sequence (B, D), 
ions known to express or, nAChR) 
■ a .a. .aa ira.ee* rtpt j/a, // ) See 
I iaeaaia ie\ets !IM. and < '., /)., <d", 
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\ in the MTTb and the SN (Fig. 3I-L). fi 4 
expression was restricted to the MFIb (Fig. 3M,N). There were no 
etween Mt and Wt in the rela- 
tive abundance of a 3 , a 6 , a 7 , fi 2 , fi 3 , and j3 4 nAChR subunits 
the level of the « 4 nAChR 

subunit-sp- 

same in Mt and Wt (Fig. 4). These oligonucleotide probes were 
designed to hybridize to mRNA transct 

upstream of deleted gene sequence and thereby specifically identify 
« 4 nAChR subunit-positive cells. 

Receptor autoradiography 

Autoradiographic ligand binding experiments w 



re performed on a 
and Mt, n = 11). 



number of animals (Wt, n = 9; Hz, n = 11: 
Binding experiments conducted in Wt using 
cytisine, and epibatidine showed a similar pattern of high-affinity 
binding (Fig. 5). [ 3 H]nicotine labeling was detected at highest 
levels in the thalamic nuclei, M 1 lb, interpeduncular nucleus (IPn), 
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ization Is seen in the MHb in Wt (M) and Mt (N) probed with ft-specific 



colliculus (S( I and presubiculum, and moderate 
were found in the Cx, CPu, and fasciculus ret reflex us (fr) 
5A,E,I). [ 3 H]cytisine (Fig. 5M) binding showed a similar p 
to [ 3 H]nicotine binding in Wt. [ 3 H]epibatidine (Fig. 5C,G,K) 
ing differed from [ 3 H]nicotine binding in that [ 3 H]epiba 
binding to the MHb and fr was more intense as shown by q 
tative analysis (Fig. 6). [ 3 H]nicotine and [ 3 H]epibatidine bi 
showed a qualitatively similar pattern in Mt, with binding fo 
radioligands detected in the MHb, IPn, fr, and SC (Fig. 5] 
main difference was that [ 3 H]epibatidine binding was detec 
high levels in MFIb, IPn, fr, and SC (Fig. 5D,H,L). [ 3 H]cy 
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H n n RE 
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Figure 4. Ouanlilali\e auloradioe,raph\ lor ISAChb 4. <„. «,,, « 7 , ft, ft> 
and ft nAChR subunits in Wt and Mt. Quantitative analysis of ISACh3/4 
(A), a, (/?), a„ (O, a 7 (D\ j3 2 (£), ft (F), and ft (C) binding in Wt and 
Mt. The results are expressed as mean ± SF.M ("counts per minute square 
millimeter). Statistical analvsis was performed usin>> a Student's / test. 
There were no statistically significant differences between Mt and Wt for 
any of the probes examined. Regions quantitated were Cx, CPu, Th, MHb, 
SN, and Hp. 



idiii 



; only 



a the IPn c 



tidine binding in Wt and Mt with cytisine or nicotine 



enukl-me : ; . 



3.1 but preservation of binding in the 
way (i.e., MHb, IPn, and fr) (data 
-...> i.M.Jee! was found to be un- 
_ _ ,Pl. Vutoradiographic 

tied on an independently gen- 
le of a 4 nAChR subunit knock-out mice (Marubio et al., 
1999) also igh level binding to f Tljepibatidine in a 

number of nuclei and reduced [ 3 IT]nia in the MHb. 

Quantitative autn i^v o tt demonstrated that 



n Mt compared with Wt in 
the SC and IPn, whereas there was no difference in the MHb (Fig. 
6). Furthermore, Marubio et al. (1999) showed that [ 3 H]nicotine 
binding was found at reduced levels only in the MHb, whereas we 
detected [ 3 H]nicotine binding in both the IPn and the SC, in 
addition to the previously described binding sites in the MHb (Fig. 
6). Quantitative analysis confirmed that [ 3 H]nicotine binding was 
moderately reduced in Mt compared with Wt in all three nuclei 

Topography of spontaneous behavior 

General observation 

No gross neurological deficits were apparent in 40 Mt (20 females, 
weight of 25.97 ± 0.53 gm; 20 males, weight of 31.79 ± 0.87 gin; age 
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i usilitt | 

OLOplOl, ll|S tL ll I 1 

i i i , i i i ! Hb. fr, SC, 

d I Pa Autoradiographic mapping using [ 3 H]epibatidine in Wt (C, G,K) and Mi if* ii I mou i h m it .D), -3.08 

1 ~-d IPn. Mi MHb, fr. SC, and IPn. 

•it bregma levels - < sh>™ ino (tvM-sisloiU binding in the IPn. 
;ections at bregma levels -2.54 (Franklin and Paxinos, 1997). 

T\ li t not} pes. 



(G, H), an ' , S( md I Pi 

MlUllllS .11 bi 
ise brain sect 



of 105 ± 4 d) wlkn > :o females, 

weight of 24.59 ± 59; 20 males, weight of 33.40 ± 0.64 gm; age of 
109 ± 6 d); in paitieu i s were observed over 

prolonged observation. 

Exploratory phase 

Over an initial 1 hr phase of exploratory activity (Fig. 7.4). " 
diansilenzcd by increased Miirnni; ( LVir : fi , = h~h. /> = 0.01 i 
and decreased grooming ( 15%;F (]76) = 4.98,/) = 0.03), for both 
ales groomed Its- totvpe. 



genders; te 
Habituation phase 

Over the subsequent phase of habituation (Fig. IB), additional 
sniffing, total rearing, rearing seated, 
rearing to wall, rearing free, and chewing occurred to excess in Mt 
throughout this phase (F (l 76) = 17.56, p < 0.001; F a 76) = 14.95, 
p - i 6.15, p < 0.001; 

f (i;; , (>! - 4.<M ;> < v = 5JO ,-■ 0i 05 _ respectively): for 

i.h,-, U b:.\ vs.. J, bn..b ^iunin. ani.lv hv lime bins i i.e.. habit- 
uation of sniffing, total rearing, rearing seated, and rearing to wall), 



this did n 
frequency 



Mt (F 0 
habituai 
0.03) fo 



r those low- 
Mi was not apparent (i.e., 
ted more rapidly than did 
also occurred to excess in 
of their reduced rate of 
M, ^(io,760) = 1-97, p = 
levels of grooming were 
me bins in a manner that 



differed between the genotypes (time X genotype interaction, 
^(io,76o) = 3.38, p < 0.001) for both genders. Overall levels of 
, = 24.83, p < 0.001) because 
of their reduced iak i (tune X genotype interaction, 

^(10.760) = 1-98,/? = 0.03) for both genders. 

In suminaii. sr. v^vst csiiioraiorv phase. Mi showed in- 
creased sniffing with decreased grooming. Over the subsequent 
habituation phase. in< ndured together with 

the emergence of increases in most other topographies of behavior; 

rized by a 

reduced rate of habituation relative to Wt. 
Rotarod performance 

Among 37 Mt (15 females, weight of 25.01 ± 0.58; 22 males, weight 
of 31.32 ± 0.8 gm; age of 97 ± 3 d) and 44 Wt controls (20 females, 
weight of 24.45 ± 0.76; 24 male, weight of 33.27 ± 0.51 gm; age of 
96 ± 5 d), performance improved with time (three trials on each of 
3 successive test day- ~ " f'001) m a man net that 

did not differ by genotype or gender (Fig. 8). Thus, in this test of 
sensorimotor coordination, Mt evidenced no deficits. 

Elevated plus-maze performance 

When compared with 51 Wt controls (21 females, weight of 24.2 ± 
0.47; 30 males, weight of 31.44 ± 1.0 gm; age of 96 ± 5 d), 70 Mt 
(36 females, weight of 25.7. ± 0.47; 34 males, weight of 32.81 ± 0.71 



p < 0.01) a 
0.01) in a n 



ner that did not differ by i 
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32.47 ± 0.55 gm; age 100 ± 2 d), declines in each of sniffing, 
locomotion, and total rearing over the three time perio. 
influenced by dose of nicotine administ 

manner (genotype X dose X time interactions, F (fj I2H) = 2.23, p = 
0.03; i^J 

lively) (Fig. WA-C). For sift i i comparable although 

blunted profile was apparent (Fig. WD). For individual topogra- 
phies of rearing, grooming, and chewing, less consistent pi 



effect \s 
In si 



Effed 

When 



daclnKa 



dMtThe 



genotype, males entered fewer arms than 
Mt evidencec 



"em ales. Thus, in this test 
heightened levels. 



Effects of nicotine: unhabituated condition 

Our results differed from those of Marubio et al. (1999), who 
analyzed an independently generated line of a 4 nACliR subunit 
knock-out mice, finding no significant differences from baseline in 
nonhabituated locomotor activity in response to 1 or 2 mg/kg 
nicotine. When comparing 40 Mt (20 females, weight of 25.62 ± 
0.46; 20 males, weight of 31.55 ± 0.82 gm; age of 97 ± 3 d) with 40 
Wt controls (20 females, weight of 25.16 ± 0.45; 20 males, weight of 



e apparent (data not shown), 
nan. under this unhabituated c 
promotion, total reari 

siorcd b\ U;v. t : v s a = - •. 1 a 



a 



habituated condition 
t (10 females, weight of 25.2 ± 0.7; 10 males, 
n: aaa uPo ■ : J; a JU Wi coufrols (10 
males, weight of 32.38 ± 0.38 gm; 



r 26.28 ± 0.6; 
, each of sniffin; 
: three 



thest 



with time in a manner that was mlUicnectl by dose of nicotine 

= 0.01; 

^(8,i20) = 4.64,/? < 0.001, respectively) (Fig.'lM-C). For sifting, a 
i t a i , u ^nt (Fig. 
11D), and for indi 1 :_s of rearing, grooming, and 

chewing, similar profiles of i 1 if (data not shown). 

In summary, under this habituated condition, lower levels of 
behavior continued to decline with time; nicotine acted mainly to 
further reduce behavior, primarily over the early (20-35 min) 
period, in a manner that tended to be less prominent in Mt than in 
Wt. Thus, the above late-period action of nicotine to restore in Mt 
a Wt-like behavioral profile appeared specific to the unhabituated 
condition. 

DISCUSSION 

The ajf} 2 subunit receptor configuration, known to be expressed at 
high levels in the thalamus and the habenulo-interpeduncular sys- 
tem (Zoli et al, 1998), is responsible for the vast majority of 
agonist binding. In this study, we have characterized the binding 
patterns ofa number of nicofi' i -rmal and a 4 nAChR 

knock-out mice. These data combined with the results of previous 
studies (Zoli et al., 1998) on mice lacking functional j3 2 nACliRs 
- liRs. Mt maintain 

_ - > he MTIb and IPn and low-level 

1 k-out mice showed no 
■ ). f3 2 knock-out mice 
ales in the MHb, IPn, and fr (Zoli et al., 
1998), whereas Mt hi the IPn but not in the MHb or 

fr. j3 2 knock-out mice differ from Mt in that Mt showed additional 
| THopibaiii.iine hinJaa: a:,'. Oar | II jiiicoliiu: ;nil«r;i- 

15 results differed from ligand binding experiments per- 
formed on an independently generated line of a 4 nAChR knock- 
out mice (Marubio et al., 1999). In t 

binding was found at low levels only in the MHb, whereas we 
a [1 a IJi u mil < I >aa; . ;. ! J ia. ana! fV 

(Figs. 5, 6). 

There are known to be high levels of a 3 and a 4 (Wada et al., 
1989) and low levels of a 6 mRNA (Le Novere et al., 1996) in the 
rodent MHb, whereas all j3 subunits su ected in this 

nucleus (Deneris et al, 1989; Duvoisin et al., 1989; Wada et al., 
1989). We found no significant differences in the expression profile 
of a large number of subunits within the MHb of Mt and Wt. A 
strong hybridization signal was detected for a 3 , f} 2 , ft, and f3 4 , 
confirming the results of previous studies (Le Novere et al., 1996). 
The receptor configuration responsible for the MHb binding to 
[ 3 H]nicotine seen in Mt therefore involves the j3 2 subunit in com- 
bination with the a 3 subunit expressed at high levels and/or the a 6 
subunit expressed at low levels. Nicotine autoradiographic . 
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A, Behavioral counts for sniffing (Sii). locomotion 
— ' ig from a seated position 
' grooming (Gr), 

ious chewing (VCh ). 

eating (E), and licking (/./) in \Vt (// = 40: filled columns) versus 
Mt (n = 40; open columns). Data are mean ± SEM counts o\ er 
a 1 hr phase of initial exploratory acti\ ity. ***p < 0.001, **p < 
0.01, *p < 0.05 versus wild-types. B, Behavioral counts for sniff- 
ing, eating, grooming, locomotion, rearing total, stillness, rearing 
seated, rearing free, and rearing to wall in Wt (n = 40: si/iiiiirs) 
versus Mt (n = 40; diamonds). Data are mean ± SEM counts per 
10 min period at indicated intervals over habituation phase. 
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Figure 8. Performance on a repeated motor coordination task in Wt (n = 
37; filled columns) versus Mt (n = 44; open columns). Mice were evaluated 
on the rotarod test three times a day for 3 consecutive days. Data are 
presented as the mean ± SEM of the daily averages, """p < 0.001. < 
0.01 versus same genotype on day 1. 
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Figure 9. The elevated plus-maze assay. Data are presented as the mean ± 
SEM of percentage time in (VI) and number of entries into (fi) various 
sectors in Wt (» = hfil < I and Mt (u = opei ilumus). *'*p < 
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Figure 10. Unhabituated mice: r 



ic to nicotine administration. Behavioral counts summed over 0-15, 20-35. and 40-55 min: sniffing (A), locomotion 
g total (C), and sifting ( /)) responses to (-)-nicotine (0.1-2.7 mg/kg, s.c.) versus vehicle ( V) in unhabiluaa I Wi < , ' lumns) ind Ml (open 
OT "M forn = 8 per group. **p < 0.01, *p < 0.05 versus Wt. "p < 0.05, h p < 0.01, c p < 0.001 versus vehicle-treated mice of 



in j3 2 knock-out mice suggests that the /3 3 and |3 4 expr< ssion 

detected i 1 1 "net tine bmd- 

ing. The fin I t - i t\ [ II|c\ 

tisine bin i < ng confirms 

that cy tisine binding in the P n . subuntt but does 

1/ i ' 1 I < I Ui fed 111 

dnhne 

binding can occur in the absence of /3 2 or a 4 subunits. 

A detailed, fopogmpiuVa! analysis of oa maea ,-iv and nicotine- 
stimulated 

atory phase, Mt sho^ < 

grooming. Over (he siibscqacni phase of h: ibi t lui l i. in. additional 
ellects were revealed as certain topographko of behavior did noi 
habituate to the same extent in Mt. Fo 3 I genotypes 

habituated to similar vxiene- w, vv :.v ;o.v;eiouoii and iopog- 
g and chewing, Mt :hei level of 

activity throughout the habituation pk - - ,n "motor 

activity" after na'obnc 'or; aa .; aaa ai have been described previ- 
ously. Although these studies have most commonly used techniques 
that fail to resolve individual topogi a| ' Morrison 

72; Clarke and Kumar, 1983; Clarke, 1987), 
' ' familiar versus novel 

environment, lias been reported (Picciotto et al., 2000). Using the 
present ethnlogiealh based approach, over the first 15 min of the 
induced in Wt a dose-dependent re- 
duction in locomotion, total rearing, sifting, and less so in sniffing, 
although there was no such drug effect in Mt; rather, as above, Mt 
showed relative preservation of these behaviors over the explor- 
atory phase, with late decline in behavior restored in Mt to Wt 
levels by low to mid doses of nicotine. Under the habituated 

ued to decline with time, nicotine was still able to further reduce 
locomotion, total rearing, sifting, and less so in sniffing; this oc- 
curred primarily over the early period in a manner that tended to 



be less prominent in Mt than in Wt. Thus, the above late-period 
action of nicotine to restore in Mt a Wt-like behavioral profile 
appeared specific to the unhabituated condition. The lack of mod- 
ulation of locomotion and sniffing behavior in Mt with high doses of 
nicotine (Fig. 10) may reflect pharmacological desensitization of 

ig nicotinic receptors (Couturier et al., 1990; Vibat et al., 
1995; Fenster et al., 1997). I b gi aphicalh 

interaction between a 4 nAChR knock-out and the neuro- 
nal processes of habituation in determining not only the regulation 
of spontaneous behavior but also the effects of nicotine on 
behavior. 

One hypothesis is that the a 4 nAChR subunit is required for 
abitory neural circuits; hence, its absence would 
result in an l b ! h v 101 al topographies. 

act through 

non-a 4 n V' nicotine binding sites, peihaps those 

erpeduncular pathway, to reduce inhib- 
itory tone. However, this might only be evident when such inhibi- 



tor}' neural t< 
exploring mi 



atory c 
parallel 



it a low level, as would be expected in actively 
delayed effect of nicotine administration in 
g, and sifting in this explor- 
y reflect some temporal inefficiency of this 



ways (both nAChR-dependent and - 
prominently activated. There are a 
nicotine-induced release of the inhil 
either from isolated synaptosomes o 
al., 1993; Kayadjanian et al, 1994 
particular relevance to our findings i 
(1993) showing that nicotine increas 
tic GABAergic currents in rat inter 
Nicotinic receptor agonists that t 



6440 J. Neurosci., September 1, 2000, 20(17):6431-6441 



Ross et al. • a 4 Neuronal Nicotinic Receptor Knock-Out Mice 




Sniffing, 40-55 10 ] Locomotion, 



kdi r kuWifl 'mM : 



figure ii. Well habituated mice: response 
locomotion (5), rearing total (C), and sifting (D) r 
and Hz (open columns ). Data arc means ± SEM for 
mice of same genotype. 



jiujuuu administration. Behavioral counts summed over 0-15, 20-35, and 40-55 min: sniffing (A), 
responses to (-)-nicotine (0.1-2.7 mg/k°, s.c. ) versus vehicle ( V) in well habituated Wt ( filled columns) 
prn = 8 per group. **p < 0.01, *p < 0.05 versus Wt. > < 0.05, b p < 0.01, c p < 0.001 versus vehicle-treated 



uration are known to have an effect on anxiety (Pomerleau, 1986; 
Gilbert et al., 1989; Brioni et al., 1993). Nicotine in particular 
appears to have ans Is in a number of behavioral 

i ' 1 ated plus-maze assay (Costall et al., 

1989; Brioni et al, 1993). ()i that the a 4 subunit 

mav 

effects. The nicotinic receptor agonists ABT-418 and lobelinc - i 
the anxiolytic-like ;h,;i 

al, !«W.3), anabasine, am! epib:it]\liik: aiv devoid of anxioh lic-likc 

• -l al profile 



h;ivc similar oi'ioeb. on .n\a,\ a. a'.-.... ..oaipaiabio HganJ binding 

profnes with respect to both qualitative ' ! hv of bind- 

ing) and quantttatn .. .. of binding) 

parameters. The difl _ n Mt may 

explain the lack of anxioiytic-like effects seen with cytisiiie bee. 
it implies selectivity for a specific receptor subpopulation, b 
would not leadih explain the lack or i ffect of epi- 

batidine because the binding • ilitatively 
similai to nicotine m Mt. Quantitatb c analysis 

demonstrates comparable epibatidine binding in Wt and Mt i: " 



ine binding of 
trast, nicotine 
IHb and 45% 



elevated anxiety may not invariably be associated with locomotor 
hypoactivity. Withdrawal of benzodiazepine is associated with 
anxiety-like behavior and locomotor hyperactivity (Nowakowska et 
al., 1997). In addition, a ver 

on the coexistence of anxiety and motor restlessness after cessation 
of cigarette smoking (Hughes and Hatsukami, 1986; Hughes et al, 
1991, 1994; Hilleman et al, 1992; Hughes, 1992; McKenna and Cox, 
1992; Jorenby et al, 1996; Schneider et al., 1996; Shiftman et al, 
2000). A putative state-dependency model in which the behavioral 
topograph) or a n o ..... \ - aa-as ...ii.: psc »..is on the environmental 
ling the data. In this model, the 
sustained level of behavior in mutants over habituation in a "natu- 
ralistic" set i ar to compliment the finding of reduced 
open-arm .: ['>li! -i laze 

In conclusion, our data suggests that in . ful setting, Mt 

have a heightened basal level of anxiety-like behavior; further- 
more, in a ; ' atorv behav- 
ior are increased, and these behaviors may nonetheless be modu- 
lated by nicotine administration. 
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